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A New Zinc Binding Fold
Underlines the Versatility of Zinc
Binding Modules in Protein Evolution
While it is often thought that the probability of a stable
folded structure arising at random is vanishingly small
[12], recent work by Keefe and Szostak demonstrated
that this might not be the case. Using a large library
of random protein sequences and a selection strategy
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New South Wales 2006 based on several rounds of mRNA display, they were
able to “evolve” several distinct families of polypeptidesAustralia
that bound to ATP with reasonable affinity. This study
suggests that well-structured proteins may be suffi-
ciently common in sequence space so that their emer-Summary
gence by chance could constitute a feasible mechanism
for the evolution of new (or even of the first) proteins.Many different zinc binding modules have been identi-
Recently, we became interested in the protein interac-fied. Their abundance and variety suggests that the
tion domains of the transcriptional coregulator CBPformation of zinc binding folds might be relatively com-
(CREB binding protein). CBP (Figure 1A) is a 2,441-resi-mon. We have determined the structure of CH11, a 27-
due nuclear protein that is known to interact with a wideresidue peptide derived from the first cysteine/histi-
range of proteins involved in transcriptional regulationdine-rich region (CH1) of CREB binding protein (CBP).
and thereby modify the activity of those proteins. ManyThis peptide forms a highly ordered zinc-dependent
of the interactions between CBP and other proteins arefold that is distinct from known folds. The structure
mediated by either CH1 or CH3, two of the three cyste-differs from a subsequently determined structure of a
ine/histidine-rich domains that have been identified inlarger region from the CH3 region of CBP, and the
the sequence of CBP (the CH2 region has been classifiedCH11 fold probably represents a nonphysiologically
as a PHD domain; see [13] for a review). In preliminaryactive form. Despite this, the fold is thermostable and
work [14], we aligned the amino acid sequences of thetolerant to both multiple alanine mutations and
CH1 and CH3 domains of CBP from a number of distantlychanges in the zinc-ligand spacing. Our data support
related organisms (Figure 1B). In so doing, we identifiedthe idea that zinc binding domains may arise fre-
two highly conserved motifs in CH1 that contained thequently. Additionally, such structures may prove useful
consensus Cys-X4-Cys-X8-His-X3-Cys (CCHC motifs).as scaffolds for protein design, given their stability
CH3 also contained one of these motifs, together withand robustness.
a Cys-X2-Cys-X9-His-X3-Cys sequence. There were a
number of other cysteine and histidine residues in the
Introduction CH1 and CH3 regions, but either their spacing was less
well conserved or they were not completely retained
Two related questions that have often been considered between species. It was proposed that these motifs
in the field of protein science concern how feasible it is might represent novel zinc binding domains because
to design proteins with a specified conformation and they contained four potential metal ligands. Indeed, we
how frequently amino acid sequences arise that fold showed, using circular dichroism (CD) spectropolarime-
into well-defined three-dimensional conformations. The try, that a peptide corresponding to the first conserved
answers to these questions lie at the heart of protein motif from CH1 (human CBP376–402) appeared to form anfolding, protein evolution, and protein design. ordered structure upon the addition of Zn(II). Further,
Over the last 5–10 years, remarkable advances have the zinc-ligating residues in the putative domains were
been made in understanding the issues that underpin essential for the activity of CBP as a transcriptional
these questions. For example, using very different strat- activator in transient transfection assays [14].
egies, both Mayo et al. [1] and Struthers et al. [2] have In this study, we report the three-dimensional solution
successfully designed30-residue domains that (in the conformation of CBP376–402, determined using nuclearabsence of metal ions) adopt stable  folds based magnetic resonance (NMR) methods. The structure is
on the classical zinc finger motif. Similarly, structures very well ordered, ligating a single Zn(II) ion in a fold
comprising entirely  [3] or  [4, 5] secondary structure that has no homology with known folds. We evaluate
have been designed. All of these studies have deliber- the structure in light of subsequent work that demon-
ately steered away from the use of strongly directing strated a significantly different conformation for a larger
structural elements such as disulphide bonds and metal polypeptide encompassing the entire CH3 domain of
coordination sites. However, other workers have dem- CBP (Figure 1C) [15]. We also show that this new fold
onstrated that these features can either stabilize flexible is thermostable and demonstrate that it is very robust
structures [6, 7] or be introduced into existing protein by constructing a multiple mutant in which the zinc-
structures (see for example [8–11]), wherein they often chelating and several key structural residues are con-
increase the stability of the folded state without seriously served, but the remaining residues (70% of the se-
perturbing the fold.
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Figure 1. The Cysteine/Histidine-Rich Domains of CBP
(A) Schematic of CREB binding protein. Domains that have been identified within the protein are labeled, and residue numbers are shown for
Cys/His-rich regions 1 and 3 (CH1 and CH3, respectively).
(B) Sequence alignment of CH1 and CH3 domains of CBP/p300. Sequences are from mouse (m), human (h), Drosophila melanogaster (d),
Caenorhabditis elegans (c), and Arabidopsis thaliana (a). The two proposed CCHC zinc binding sites are shown in orange and purple. The
three native HCCC zinc binding sites are shown in yellow, green, and blue.
(C) Solution structure of TAZ2 (CH3) domain of CBP. The region that is analogous to the CH11 sequence used in the current study is shown
in blue, and the four side chains that ligate the single zinc atom in CH11 are shown in green.
quence) are converted to alanine. The implications of 1H NMR spectra (Figure 2). Initial structures were calcu-
lated in DYANA using only the unambiguous NOE con-these results for protein evolution and protein design
are discussed. straints, and further constraints were introduced itera-
tively, following manual inspection of the structures
obtained from the previous set of calculations. WhenResults
no more constraints could be unambiguously identified,
a set of 500 structures was calculated. No constraintsStructure Determination
The CBP376–402 peptide (hereafter termed CH11 and num- that defined the zinc binding site were included at this
stage, and it was clear from these structures that thebered 1–27), when treated with one molar equivalent of
Zn(II), generated high-quality one- and two-dimensional zinc was ligated by the sulfhydryl groups of C5 and C23,
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Figure 2. Characterization of CH11
Amide-aliphatic region of the TOCSY spectrum of CH11. The spectrum was recorded at pH 6.5 and 2C (m  70 ms).
together with the N1 atom of H19. The side chain of cm1), consistent with a tetrahedral CCHC coordination
sphere [16]. Taken together, these data indicate thatC10, however, was part of a less well-defined region
and took up a range of different conformations. In further CH11 binds a single Zn(II) ion through the side chains
of C5, C10, H19, and C23. A Zn(II) ion was thereforestructure calculations, the introduction of upper dis-
tance limits that identified these four residues as the introduced for structure calculations of CH11 in CNS
[17]. The final structures were determined using 275zinc ligands did not result in an increase in the DYANA
target function or in the number of restraint violations. unambiguous distance restraints and 31 sets of ambigu-
ous restraints obtained from two-dimensional homonu-In addition, a UV-visible titration of the closely related
peptide CH32 (see below) with Co(II) revealed d → d clear NMR spectra.
The 20 lowest energy structures obtained from 50transitions at 600, 650, and 700 nm (280 ca. 400 l mol1
Structure
642
Figure 3. Solution Structure of CH11
(A) Stereoviews of the best 20 structures.
Structures are superimposed for best fit over
backbone atoms of residues 1–23 (note that
residues 25–27 are not displayed, for clarity).
Zinc-ligating side chains, red; zinc atom,
gray; side chains of well-defined residues (2,
4, 7, 9, 12, 16, 21, and 22), green.
(B) Ribbon diagram of the lowest energy
structure of CH11. The secondary structural
elements recognized by the program MOL-
MOL [33] are shown.
(C) Schematic zinc binding domain. Zinc
binding domains can generally be thought of
as two bidentate zinc-ligating motifs sepa-
rated by an intervening sequence of highly
variable length.
(D) Overlay of the C-X4-C motifs in CH11 and
TAZ2. Residues 5–10 of CH11 have been over-
layed with residues 28–33 of TAZ2 (yellow)
using the backbone atoms only. The rmsd is
0.42 A˚.
(E) Overlay of the H-X3-C motifs in CH11 and
TAZ2. Residues 16–23 of CH11 have been
overlayed with residues 39–46 of TAZ2 (yel-
low) using the backbone atoms only. The
rmsd is 0.43 A˚.
accepted calculations have an extremely low root- contacts. PROCHECK-NMR [18] analysis reveals that
96.2% of structured residues have backbone dihedralmean-square deviation (rmsd) from the best structure
(0.19 A˚ over the backbone atoms and 0.63 A˚ over all angles in allowed or additionally allowed regions of the
Ramachandran plot.heavy atoms of residues 1–23; Figure 3A) and were in
good agreement with the experimental constraints (no
NOE violations greater than 0.25 A˚ or dihedral angle Three-Dimensional Structure of CH11
The regular secondary structure of CH11 comprises twoviolations greater than 1). These structures were used
to represent the solution structure of CH11 (Figure 3), very short, but well-structured, helices (Figure 3B). Resi-
dues V2–A4 form a 310 helix, with hydrogen bonds be-and their statistics are shown in Table 1. The structures
display good covalent geometry and good nonbonded tween the backbone NH protons of A4 and C5 and be-
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Table 1. Structural Statistics for the Refined Structure of CH11
Unambiguous Experimental Restraints
Meaningful intraresidue distances 71
Sequential distances 83
Medium-range distances (i  j 	 5) 69
Long-range distances (i  j 
 5) 52
Dihedral angles 110
φ 45,  27, 1 22, 2 16
Ambiguous experimental restraints (distances) 31
Mean RMSD from Idealized Covalent Geometry
Bonds (A˚) 0.0022  0.00007
Angles () 0.898  0.013
Impropers () 0.204  0.0063
Mean RMSD from Experimental Restraints
NOE (A˚) 0.024  0.0004
Dihedrals () 0.11  0.017
Mean CNS energies (kJ mol1)
Epond 1.78  0.10
Eangle 28.0  0.37
Edihe 0.12  0.036
ENOE 8.96  0.33
Evdw 15.5  0.73
Eimpr 1.38  0.085
Etot 55.7  0.96
Atomic Rmsds (A˚)
Backbone residues (1–23) 0.19  0.08
All heavy atoms (residues 1–23) 0.63  0.11
PROCHECK Statistics for φ and 
Residues in most favored region (%) 71.7
Residues in additionally allowed region (%) 24.5
Residues in generously allowed region (%) 3.8
Residues in disallowed region (%) 0.0
tween the carbonyl oxygens of E1 and V2, respectively. (or TAZ2) domain of CBP (Figure 1C) [15]. This construct
Residues V16–M20 are recognized as -helical by the (Figure 1B) included several additional cysteine and his-
DSSP algorithm [19], although both (i,i  3) and (i,i  4) tidine residues that were either N- or C-terminal to the
backbone hydrogen bonds are observed across the he- two CCHC motifs. The spacing of these residues is con-
lix between the carbonyl oxygen of N15 and the back- siderably less well conserved (Figure 1B), but the struc-
bone amide protons of N18 and H19. Interestingly, an tural data revealed an unusual conformation where
asparagine residue lies immediately N-terminal to this these residues were involved in forming a total of three
second helix; asparagine is the most favored N-terminal HCCC zinc binding units (Figure 1C) rather than the two
capping residue [20]. However, no direct evidence of CCHC units predicted in our earlier work. [1H,15N]-HSQC
hydrogen bonds between the asparagine side chain am- titration data also revealed that TAZ2 was able to inter-
ide and the amide protons of the following residues was act with a peptide corresponding to residues 14–28 of
observed, and the N15 side chain populates more than p53. Since p53 is a known partner of CBP (see [21] for
one rotamer in the final family of structures. This appar- a review), it is likely that the TAZ2 structure represents
ent flexibility may be the result of a low-restraint density the physiologically active form of this domain. It follows,
or may indicate that no N cap exists. Residues V2, C5, given the sequence homology between CH1 and CH3/
C10, V16, H19, and C23 form a hydrophobic core, while TAZ2, that the intact CH1 domain is likely to take up a
the remaining residues are largely solvent exposed. A similar conformation, binding three zinc ions in a triangu-
search of known protein structures, carried out using lar array.
CH11 as a template and the program DALI, did not reveal Consequently, it is likely that the structure of CH11
any structural homologs, indicating that CH11 consti- that we have determined is not the native conformation
tutes a new protein fold. of this region of CBP. Given this, our findings are rather
remarkable; a polypeptide sequence taken out of con-
text forms a different, yet stable and well-defined, con-Comparison with the CH3 (TAZ2) and Zif268
formation. We have consequently termed this novel foldStructures Reveals Conserved C-X4-C and
a CHANCE finger (Cys/His peptide exhibiting a nonex-H-X3-C Zinc-Chelating Conformation
pected conformational ensemble). Figure 1C shows theFollowing the completion of this structure, de Guzman
et al. reported the structure of a larger region of the CH3 relationship of CH11 to the TAZ2 sequence (the region
Structure
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that is homologous to CH11 is shown in blue), illustrating that the peptide bound two molar equivalents of Zn(II),
suggesting that the two CCHC units were folding inthat the four zinc ligands in the CH11 structure actually
bind to two different zinc ions in TAZ2. preference to a single HCCC motif. The final CD spec-
trum displayed high -helical content, consistent withCloser inspection reveals that, despite the obvious
differences between the two structures, there is a nota- the formation of a well-defined conformation (Figure 4A).
Next, we sought to determine whether the CHANCEble degree of conservation in the mechanism of zinc
binding. Most zinc binding motifs in proteins can be fold would arise in any polypeptide with a C-X4-C-X8-H-
X3-C consensus sequence, or, more stringently, whetherthought of as comprising two pairs of zinc ligands sepa-
rated by a sequence of variable length (Figure 3C). This it would arise in any polypeptide with that consensus
and a high -helical propensity (mimicking the confor-loop can be as short as four residues (e.g., retroviral
nucleocapsid fingers) or more than 60 residues (e.g., mation of CH11 in the context of TAZ2). Two 27-residue
peptides were therefore designed and chemically syn-certain PHD domains). In each pair, the two ligating
residues are typically separated by 2–5 residues; the thesized with C-X4-C-X8-H-X3-C motifs (Figure 5). One
(UB1) had the four zinc binding residues transplantedCHANCE finger can therefore be considered to consist
of a C-X4-C and an H-X3-C pair separated by an eight- into a peptide designed around the long helix of ubiqui-
tin (residues 23–35) [23], while the second (UB2) con-residue intervening loop. There are four C-X4-C se-
quences in the TAZ2 sequence, and, when the backbone tained an irregularly structured region from the same
protein (residues 39–65).atoms of each of these are overlayed with the C-X4-C
motif in CH11, a high degree of structural homology is Far-UV CD spectra of each of the three peptides were
recorded under a range of conditions. In the presenceobserved (Figure 3D), with pairwise rmsds all falling in
the range 0.42–0.82 A˚. Furthermore, the first of the three of Zn(II) at pH 6.5, the spectrum of CH11 displays a
substantial amount of -helical structure (Figure 4A). Inclassical zinc fingers of the transcription factor Zif268
(Zif268-F1) has the sequence C-X4-C-X12-H-X3-H. The contrast, both UB1 and UB2 showed spectra typical of
unstructured polypeptides. These results suggest thatC-X4-C motif of this domain overlays with C5–C10 of CH11
with an rmsd of 0.53 A˚. The fact that the conformation the presence of the four zinc-ligating residues in CH11
is not sufficient for the formation of the CHANCE fold.of the C-X4-C motif is conserved is reminiscent of the
rubredoxin knuckle. This motif has a highly conserved Examination of both the experimental NOE restraints
used to calculate the structure of CH11 and the structureconformation and has been found in many zinc binding
domains (including LIM, classical, RING, and nucleocap- itself revealed that, aside from the zinc binding residues,
most of the nonsequential contacts were made by onlysid domains) that contain C-X2-C sequences [22].
An analogous situation is observed for the H-X3-C four residues, V2, L7, V16, and H22. We therefore modi-
fied the sequence of UB1 by introducing these four resi-motif found in CH11. These residues lie on the same
face of a two-turn  helix, on successive turns. Three dues in the appropriate positions, yielding UB3 (Figure
5). Two residues were also removed from the C-terminalof these motifs exist in the TAZ2 structure, and each
overlays with the eight-residue X3-H-X3-C sequence end of the peptide, as they were unstructured in CH11.
However, UB3 did not display significant changes in thefrom CH11 with an rmsd of 0.38–0.43 A˚ (Figure 3E). The
corresponding sequence from Zif268-F1 also overlays far-UV CD trace upon the addition of zinc (data not
shown). We reasoned that some of the residues in thewell (rmsd  1.1 A˚) with CH11. Notably, H-X2-5-H/C units
in zinc binding domains frequently adopt a helical con- ubiquitin sequences might have been making unfavor-
able steric contacts that prevented the formation of theformation, whereas C-X2–5-C motifs form irregular or turn
conformations. This may (at least partially) be a conse- CHANCE fold.
In order to examine this possibility, we designed aquence of the different side chain geometries and steric
requirements of cysteine and histidine residues. mutant of CH11 in which ten residues were changed to
alanine (A10-CH11; Figure 5). The CD spectrum (Figure
4A) of this peptide in the presence of Zn(II) strongly
How Easy Is It to Form a Zinc Binding Domain? resembled that of wild-type CH11, indicating that the
We next designed a number of peptides in order to mutant adopts a similar conformation to CH11. In addi-
investigate the robustness of the CHANCE fold. First, we tion, a 1D 1H NMR spectrum of A10-CH11 (Figure 4B)
checked the resistance of CH11 to thermal denaturation. displayed sharp well-dispersed signals, consistent with
There was almost no change in the far-UV CD spectrum the peptide forming a well-ordered monomeric fold.
of CH11 up to 85C, indicating that the fold has substan- After further inspection of the structure of CH11, five
tial thermal stability. more residues were mutated (creating A15-CH11; Figure
We then asked whether the CCHC zinc coordination 5), leaving just the four zinc binding residues and V2,
sphere was intrinsically more or less stable than the L7, V16, and H22 as the only nonalanine residues in the
HCCC configuration in the context of the TAZ2 se- sequence (making the peptide 68% alanine). With the
quence. To answer this question, we subcloned a sec- addition of one molar equivalent of Zn(II), A15-CH11
tion of TAZ2 that encoded the two nonnative CCHC yielded a CD spectrum that again closely resembles the
motifs (CH31,2 or murine CBP1787–1838), thereby including wild-type CH11 spectrum (Figure 4A).
one of the native HCCC motifs. The peptide was ex- Finally, we looked to assess how resistant the
pressed in E. coli as a fusion with maltose binding pro- CHANCE fold was to changes in the spacing of the
tein (MBP) and purified by amylose affinity chromatogra- consensus sequence. To this end, a 28-residue peptide
phy and reversed phase HPLC. A titration of the purified (CH32) corresponding to the second CCHC sequence
from Arabadopsis thaliana CBP was synthesized. Thispeptide with Zn(II), monitored by far-UV CD, revealed
A New Zinc Binding Fold
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Figure 4. Characterization of Designed Pep-
tides
(A) Far-UV CD spectra. CD spectra of CH11,
UB1, UB2, A10-CH11, A15-CH11, CH32, and
CH31,2 at pH 5.5–6.9 in the presence of Zn(II)
are shown. Spectra were recorded as the sum
of three scans collected at a rate of 20 nm
min1, a bandwidth of 1 nm, and a resolution
time of 1 s. All spectra are baseline corrected.
(B) One-dimensional 1H NMR spectrum of
A10-CH11. The signal dispersion and line-
widths are indicative of a monomeric folded
conformation for the peptide. The spectrum
was recorded on a sample containing 40
M A10-CH11 in 20 mM Tris at pH 6.9 (25C).
peptide has a C-X2-C-X9-H-X3-C arrangement of zinc ment of the ligands, have been described [22, 24], and
it is likely that there are more still to be uncovered.ligands and shares substantial sequence homology with
We have determined the solution conformation of a 27-the murine CBP in the CH1 and CH3 regions. The far-
residue peptide from the first cysteine/histidine-rich re-UV CD spectrum indicated that CH32 adopts a well-
gion of human CBP. While subsequent work [15] indi-defined conformation similar to that of CH11 (Figure 4A).
cates that the conformation reported here is unlikely toIt appears, therefore, that the CHANCE fold is relatively
be a physiologically relevant form of CH1, the structurerobust, tolerating both multiple alanine mutations and
is well defined, thermostable, and tolerant to changesa change in the consensus sequence.
in both amino acid sequence and the spacing of zinc
ligands. These results underline the remarkable utilityDiscussion
of metal-ion coordination as a mechanism for stabilizing
protein folds.Zinc binding domains are extremely widespread in na-
The zinc coordination sphere observed in most zincture. More than 20 different classes of zinc binding mo-
binding domains can be thought of as two bidentatetifs, differing in the number of zinc ions and the arrange-
zinc-ligating sequences (e.g., C-X2-4-C and H-X3-C, as
seen here) separated by an intervening sequence of
widely varying length. The length of this sequence is
clearly one of the fundamental factors that determine
the overall topology of the resulting three-dimensional
structure. For example, the main difference in the con-
sensus sequences of CH11 and Zif268-F1 is the length of
this intervening stretch (8 and 12 residues, respectively).
It also appears that there are preferred backbone con-
formations for the bidentate C-Xn-H/C sequences. For
instance, the rubredoxin knuckle (C-X2-C) has a well-Figure 5. Amino Acid Sequences of Designed Peptides
characterized and conserved conformation. The resultsThe sequences of UB1, UB2, UB3, A10-CH11, and A15-CH11 are
presented here likewise indicate that both the C-X4-Cshown, together with the residues that were not mutated to alanine
in the A15-CH11 peptide (minimal). and the H-X3-H/C motifs have favored backbone confor-
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mations, judging from their conservation in CH11, TAZ2, binding domain [26]. They also noted that metal-ion co-
ordination might be one of the simplest ways of generat-and Zif268-F1. This observation should be of substantial
interest in the area of protein design; it may be that ing a folded protein while minimizing the information
required to specify a functional sequence. This may inthese units can be treated as stable entities in the design
of novel proteins. For example, the length of the in- part explain why so many different zinc binding domains
exist in the human genome; over 9,000 zinc bindingtervening sequence could be randomized using a com-
binatorial display method to select for some property sequences have been recognized so far.
Although zinc-dependent protein folds occur in allof interest. Given the seeming flexibility of sequence
length and composition that is exhibited by zinc binding three domains of life (bacteria, archaea, and eukary-
otes), it is interesting to note that, in general, differentdomains, this may prove a useful approach for the cre-
ation of tailored binding proteins. types of zinc binding modules are restricted to different
phylogenetic groups, indicating that particular foldsThe CH11 domain proved remarkably resistant to mul-
tiple alanine substitutions. Interestingly, a similar result have arisen independently in different organisms. For
example, bacterial-specific zinc-dependent folds occurhad previously been reported for a classical DNA binding
zinc finger [25], highlighting the robustness of these within the bacterial DNA polymerase III  subunit and
the E. coli Ada protein, and the yeast Gal4-type DNAsmall zinc binding domains and the extent to which zinc
ligation drives the formation of a stable conformation. binding domain and the zinc-containing fold of the cop-
per-regulated transcription factors are found only inThe CH11 domain may in fact constitute a useful lead
compound for the development of polypeptides with fungi. A few folds, such as the zinc ribbon, have been
found in all organisms so far examined. Bacterial anddesired binding functionality, given that it is stable, well
structured, and tolerant to multiple amino acid substitu- archaeal species appear to contain relatively few zinc
binding modules. It is possible that the relative abun-tions. Further, the fact that the CHANCE fold is not cur-
rently known in nature may reduce the probability of a dance of zinc fingers in higher eukaryotes, where they
often occur in transcription factors, may be related to thetherapeutic based on a CHANCE scaffold crossreacting
with other cellular components. requirements for particularly complex gene regulation in
these organisms.While a large number of mutations to alanine did not
appear to affect the overall fold of CH11, the inability of
Experimental Proceduresthe ubiquitin-derived peptides to fold indicates that
there are sequence preferences for the fold; clearly
Materials
some residues act as negative regulators of CHANCE CH11, CH32, UB1, UB2, UB3, 10A-CH11, and A15-CH11 were synthe-
formation in certain positions. Indeed, given the appar- sized by Auspep (Victoria, Australia). All other reagents were of
analytical grade.ent ease with which zinc binding motifs can arise, it
may be that some cysteine/histidine-containing proteins
NMR Sample Preparationcontain residues that are conserved in order to prevent
CH11 (0.7 mg) was dissolved in a solution (0.5 ml) containing 95:5the formation of a (nonnative) zinc binding fold.
H2O:D2O, 600 M tris-(carboxyethyl)phosphine, 20 M d4-(trimethyl-
silyl)propionic acid (d4-TSP), and 600 M ZnSO4 (pH 3.2). The pH
was then increased slowly by 1 l additions of 0.1 M NaOH until it
Biological Implications reached 6.5. For the E-COSY experiment, CH11 was prepared in
the same way, except that the peptide was dissolved in a solution
containing 99% D2O, and the pD was adjusted using 0.1 M NaOD.Little is known about the ease with which different pro-
No correction was made for the isotope effect.tein folds may arise. Because zinc binding domains are
so common in nature, it is reasonable to suggest that
NMR Experiments
they may have arisen a number of times. We have deter- NMR experiments were carried out on a Bruker DRX 600 equipped
mined the solution structure of a 27-residue peptide with a triple resonance (HCN) probe and three-axis pulsed-field
gradients. The carrier was set to the frequency of the solvent water(CH11) from one of the cysteine/histidine-rich regions
signal and pulsed field gradients were used to suppress the water(CH1) of CBP. The peptide binds a single zinc ion and
signal. The following homonuclear 2D spectra were recorded at 2C:forms a well-defined structure that differs substantially
TOCSY [27] (m  35 or 70 ms), DQFCOSY [28], ECOSY [29], andfrom that of the intact CH3 region of CBP [15]. We
NOESY [30] (m  50 or 300 ms). One-dimensional 1H NMR spectrashowed that the structure of CH11 is both thermally were collected over the temperature range 2C–37C for the direct
stable and tolerant to multiple sequence changes and, measurement of 3JHN coupling constants. The spectral width of
both one- and two-dimensional spectra was typically 12 ppm. Two-further, that the conformations of the two bidentate zinc
dimensional spectra were processed in XWINNMR 2.5 (Bruker, Ger-binding modules (C-X4-C and H-X3-C) appear to be pre-
many) with zero filling, Lorentzian-Gaussian window functions, andserved in structures, such as CH3 and Zif268, that are
polynomial baseline corrections in both dimensions.dissimilar overall.
These results are of interest when considering the NMR Structure Determination
evolution of proteins. Because the requirements for the NOESY crosspeaks were integrated, both manually and by lineshape
integration in XEASY [31], and converted to upper distance limitsformation of a stable zinc binding structure appear to
using the CALIBA function in DYANA 1.5 [32]. Dihedral angle con-be relatively simple, there should be a high probability
straints were calculated using the GRIDSEARCH function in DYANA.of them arising by chance, relative to many other folds.
These constraints were used to calculate 500 structures from ran-Indeed, in a recent demonstration of in vitro evolution
dom starting conformers in DYANA. The lowest energy conformer
of an ATP binding motif, carried out using mRNA display was used as input for structure calculations in CNS 1.0 [17]. Stereo-
methods, Keefe and Szostak found that one of their four specific assignments were made for C protons of two residues
and for C protons of the two valine residues. Thirty-one sets ofde novo-generated ATP binding sequences was a zinc
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ambiguous distance restraints were incorporated into the CNS tophan zippers: stable, monomeric beta-hairpins. Proc. Natl.
Acad. Sci. USA 98, 5578–5583.structure calculations. A zinc ion was built into the structure where
the Zn-S and Zn-N bond lengths were set to 2.3 and 2.0 A˚, respec- 6. Starovasnik, M.A., Braisted, A.C., and Wells, J.A. (1997). Struc-
tural mimicry of a native protein by a minimized binding domain.tively. Bond angles defining the zinc coordination site were set to
109 (S-Zn-S), 107 (S-Zn-N and C-S-Zn), 145 (C-N-Zn), and 105 Proc. Natl. Acad. Sci. USA 94, 10080–10085.
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